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ABSTRACT 


This  report  describes  progress  during  the  second  quarterly 
period  in  a  program  designed  to  develop  a  solid  film  lubricated  bell 
bearing  syster  capable  of  operation  under  high  speedy  high  temperature 
oxidizing  conditons,  The  program's  ultimate  goal  is  long-term  ball 
bearing  operation  at  X500°F  -  30,000  rpn,  under  atmospheric  conditions 
simulating  sea-level  to  200,000  ft.  altitudes,  a  second  program  objective 
is  to  provide  parametric  design  data  relating  the  operating  life,  load, 
bearing  size,  speed,  temperature  and  environment,  of  these  bearing  systems. 

In  the  material.,  development  area,  this  report  describes 
further  progress  in  optimizing  the  properties  of  unique  self-lubricating 
composites  that  are  both  physically'  and  chemically  capable  of  functioning 
as  load-bearing  surfaces  in  an  extreme  temperacure-oxidizing  environment. 

The  composites  are  composed  of  solid  lubricants;  such  as  ySep, 
MoSe2,  and  WS2  that  have  been  combined  with  gallium  or  various  gallium 
alloys . 


In  the  area  of  functi.-. -il  testing,  the  results  of  initial  high 
speed  tests  on  ball  bearings  equipped  with  retainers  fabricated  from  these 
composites  are  described. 


I .  Introduction 


Proper  lubrication  is  a  prime  requisite  for  the  successful 
operation  of  any  load-bearing  surface  that  undergoes  a  relative  motion 
between  itself  and  a  second  component  of  a  system.  But,  when  the  load- 
bearing  r  .rface  is  exposed  to  a  high-temperature  oxidizing  environment, 
the  lubrication  problem  is  greatly  complicated  by  the  effect  of  environment 
on  the  lubricant.  Two  major  effects  result  from  such  an  environment: 

First,  there  is  a  loss  of  conventional  lubricants  through  evaporation  and 
chemical  decomposition.  Secondly,  through  an  oxidation  process,  solid  lubricants 
are  transformed  to  relatively  abrasive  metal  oxides.  The  resulting  substantial 
increase  in  friction  eventually  brings  about  the  catastrophic  failure  of  the 
load-bearing  system  by  means  of  a  wear  mechanism. 

This  program  is  designed  to  develop  solid  film  lubrication 
systems  capable  of  500  to  1000  hour  operation  in  atmospheres  character¬ 
istic  of  those  from  sea  level  to  200,000  ft.,  at  temperatures  from  -k$ 
to  +1500°F,  and  at  speeds  approaching  30,000  rpm.  The  program  has  two  major 
objectives : 


1.  To  optimize  the  physical  properties  of  certain  unique 
composites  and  thereby  materials  that  are  both  physically  and  chemically 
capable  of  functioning  as  self -lubricating  load-bearing  surfaces  in  an  extreme- 
temperature  oxidizing  environment.  A  unique  technique  discovered  at  the 
Westinghouse  Research  Laboratories  for  imparting  mechanical  strength  and 
oxidation  resistance  to  composites  of  high  solid  lubricant  content  is  being 
investigated  in  attempts  to  achieve  this  goal. 

2.  To  functionally  evaluate  the  performance  of  high-speed  ball 
bearings  utilizing  these  composite,  as  self-lubricating  retainers.  Para¬ 
metric  design  data  relating  the  operating  life,  load,  bearing  size,  speed, 
temperature,  and  atmospheric  environments  will  be  obtained. 

The  materials  optimization  portion  of  the  overall  effort  will 
emphasize  the  evaluation  of  candidate  materials  with  respect  to  friction 
coefficients,  wear  resistance,  mechanical  strength  and  oxidation  resistance. 

The  effect  of  elevated  temperature,  oxidizing  environments  on  friction-wear 
characteristics  will  also  be  determined. 

The  functional  test  portion  of  the  program,  in  a  step-wise  approach, 
is  designed  to  demonstrate  a  minimum  operating  life  of  200  hours  at  successively 
higher  temperatures  of  600,  900,  1200  and  1500°F.  All  systems  will  oave  the 
following  design  objectives:  (l)  speed,  30,000  rpm;  (2)  load,  100  lb.  radial/ 
100  lb.  thrust;  (3)  atmosphere,  sea  level  to  200,000  ft.;  and  (4)  bearing 
size,  204  and  207. 

A  work  schedule  for  the  over- all  program  to  31  Hay  1967  is  given 
in  chart  form  in  Fig.  1.  This  schedule  gives  the  major  tasks 'and  shows  when 
the  work  is  to  be  performed.  Periodic  reviews  of  this  plan  will  be  performed 
to  determine  if  certain  modifications  would  better  accomplish  program  objectives. 


II.  Experimental 


A.  Material  Development  and  Optimization 

During  the  first  quarter  of  this  program  ;i)  the  optimum 
fabricating  conditions  and  curing  cycle  for  the  tungsten  nieeleilde- 
gailium/isd  am  composite  were  established.  In  addition,  the  effect  of  the 
alloy  75  Ga-2t  In  concentration  on  the  physical  and  chemical  properties  of 
four  solid  lubricants  was  determined.  During  this  past  quarter  this  optim¬ 
ization  program  was  continued  in  the  following  arucs 

1.  Effect  of  Amalgamator  type 

2.  Effect  of  pre-curing  amalgamated  pcader  before  fabrication 

3.  Effect  of  GaSn  (9G-10  vt  $}  concentration  on  lubricant  amal*.  ai. 

4.  Effect  of  metal  fillers  on  composite  properties. 

5.  Differential  thermal  analyses  of  the  amalgam . 

The  results  of  the  efforts  in  each  of  tnese  areas  are  described  below. 

1.  Effect  of  Amalgamator  Type 

The  objective  of  this  task  was  to  determine  the  effect  of 
amalgamator  +.ype  on  the  friction,  wear,  mechanical  strength  and  oxidation 
resistance  of  solid  lubricant  amalgams.  An  evaluation  of  amalgamator 
effect  cn  these  parameters  was  made  for  three  solid  lubricants:  tungsten 
diselenide,  tungsten  disulphide  and  molybdenum  diselenide.  The  amalgamator 
concentration  used  in  these  experiments  was  30$  (wt.);  i.e, ,  the  optimum 
determined  in  Task  2  (l).  The  results  of  these  experiments  are  shown  in 
Tables  land  II.  It  will  be  noted  that  the  tungsten  diselenide-gallium/ indium 
combination  continued  to  provd.de  the  best  mechanical  properties  with  a 
compressive  strength  of  2?, 500  psi.  In  addition,  the  WSe0-GaIr  amalgam 
exhibits  combined  friction-wear  characteristics  that  are  Superior  to  all 
other  amalgams  evaluated  for  any  lubricant. 

For  the  following  reaxons,  therefore,  the  70$  WSe^  -  30$  Gain 
amalgam  was  selected  as  the  first  composition  to  be  functionally  evaluated 
in  the  test  program: 

a.  optimum  combination  of  frieiion-wear  characteristics 
at  room  temperature, 

b.  maximum  strength, 

c„  excellent  oxidation  resistance  to  at  least  900°F, 
and 

d.  good  friction-wear  characteristics  at  600  F. 


-2- 


s 


In  Table  III  a  complete  description  of  pertinent  physical 
properties  -of  the  70 $  itfSeg  -  39$  Gain  composite  are  presented.  These 
include  Ghear,  tensile,  compression,  and  coefficients  of  thermal  expansion. 
Figure  2  gives  a  detailed  drawing  of  the  specimen  used  to  determine  tensile 
strength.  Compression  and  shear  tests  are  performed  on  specimens  1/2'' 
dia.  x  approx.  xong,  while  thermal  expansion  coefficients  employ  l/8" 
dia.  x  1"  long  specimens. 

In  Fig,  3  (top),  the  type  of  film  deposited  by  the  70/30  WSe0-GaIn 
composite  on  an  M-50  tool  steel  disc  is  shown.  The  film  was  geneiated  **  during 
c  typical  30  minute  friction-wear  test  with  the  specimen  rotating  at  70  fpm 
under  a  1000  psi  lead.  Half  of  the  film  was  removed  by  lightly  polishing 
the  disc  with  n  4-0  polishing  paper.  The  center  and  bottom  photographs  are 
magnifications  (5Qx)  of  the  film  and  that  portion  of  the  disc  from  which  the 
film  was  removed.  It  will  be  noted  that  no  scarring  or  wear  of  the  tool  steel  is 
experienced  during  the  30  minute  test. 

2.  Pre-Curing  of  Amalgamated  Powder 

In  an  effort  to  improve  the  mechanical  properties  of  WSe2-GaIn 
and  WS2-Ga  amalgams,  a  series  of  experiments  were  performed  in  which  the 
solid  lubricant  powder  -  after  amalgamation  with  20$  Gain  -  was  cured  in  the 
powdered  form  for  the  200°C  -  Ip  hour  portion  of  the  cycle.  Subsequent  to 
this  cure,  additional  quantities  of  gallium- indium  were  added  to  the  part?  all;, 
cured  powder  and  the  pellet  formed  and  cured  in  the  normal  manner.  Friction, 
wear  and  mechanical  properties  were  then  measured  on  each  pellet.  The  results 
are  given  in  Table  IV  and  show  that  this  technique  does  offer  some  improvement 
in  the  mechanical  properties  of  the  solid  lubricant  amalgams,  particularly 
in  the  case  of  tungsten  disulphide.  The  degree  of  improvement  is  not 
sufficient,  however,  to  warrant  additional  effort  unless  future  work  demon¬ 
strates  that  the  use  of  WS2  is  more  desirable  than  WSe^. 

3.  Effect  of  GaSn  Concentration  on  Lubricant  Amalgams 


In  Table  I  it  will  be  noted  that  use  of  the  gallium- tin  alloy 
in  concentrations  of  30$  (wt.)  provided  WSe2  and  WSg  composite  amalgams  of 
reasonably  good  mechanical  properties  and  excellent  lubricating  ability. 

As  part  of  the  continuing  effort  to  improve  composite  mechanical  properties, 
a  series  of  experiments  were  performed  to  determine  the  effect  of  GaSn 
concentration  on  the  physical  and  chemical  properties  of  WSep,  WS2  and 
MoSe2  amalgams .  Solid  lubricant  amalgams  containing  10,  20,  and  30$  (wt . ) 
gallium-tin  alloy  were  prepared  and  evaluated  with  respect  to  friction, 
wear,  compressive  strength  and  oxidation  resistance.  The  results  of  these 
experiments  are  given  in  Tables  V  and  VI.  It  will  be  noted  that  use  of  the 
GaSn  alloy  did  not  significantly  improve  the  mechanical  properties  of 
amalgams  utilizing  WS2  as  the  solid  lubricant.  Tungsten  and  molybdenum 
diselenides,  however,  responded  to  amalgamation  with  GaSn  in  much  the  same 
manner  as  with  Gain,  giving  compressive  strengths  of  24,700  and  28,150  psi 
respectively  in  the  80-20  (wt.  $)  compositions.  Oxidation  resistance  of  these 
materials  was  excellent  when  a  concentration  of  at  least  20$  alloy  was 
incorporated  in  the  lubricants. 
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In  view  of  the  lower  cost  of  tin  as  opposed  to  indium,  tiu. 
tungsten  and  molybdenum  di  selenide  -galli um/tin  amalgams  worre.it  further 
investigation  at  some  future  date,  particularly  wick  respect  to  the  effect 
of  tin  content  on  composite  properties.  For  the  pi esent,  however,  initial 
functional  tests  will  he  made  using  the  V'Se^-Galn  amalgam,  primarily  because 
of  its  lower  friction  coefficients. 

4 .  Effect  of  Metal  Fillers  on  Composite  Properties 

Initial  efforts  in  this  area  concentrated  on  the  effect  of  pressing 
conditions  on  metal-filled  composite  properties.  A  composition  of  70  (wt)  $ 
WSe„/GaIn  -  30$  Ag  was  selected.  After  amalgamating  the  ..olid  lubricant,  the 
appropriate  amount  of  silver  powder  (-325  mesh)  is  added  ana  oh?  blend  tumble  - 
mixed  until  a  relatively  homogenous  distribution  of  the  components  is  achieved. 

A  combination  of  four  pressing  loads  at  three  pressing  temperatures  was 
investigated.  Subsequent  to  fabrication,  each  specimen  was  cured  in  air  for 
15  hours  at  200°C,  5  hours  at;  350°C  and  4  hours  at  400°C.  The  results  of 
friction,  wear  and  mechanical  tests  on  the  pellets  are  given  in  Table  VII. 

It  will  be  noted  that  the  use  of  silver  as  a  filler  in  the  optimum  WSe,.  nix 
provided,  in  all  cases,  higher  compressive  strengths  than  the  unfilled  amalgam. 
Except  for  the  lowest  pressing  load  at  150"C,  severe  wear  was  experienced, 
however,  when  pressing  temperatures  >  25°C  were  employed.  In  addition, 
friction  coefficients  of  these  composites  were  higher  than  unfilled  amalgams: . 
Based  on  their  combined  performance  with  regard  to  friction,  wear  and  com¬ 
pressive  strength,  two  specimen  conditions  were  selected  for  further 
evaluation.  These  are: 

(a)  25°C  -  T5P00  psi  pressing  load 

(Compressive  =  36,800  psi) 

(b)  1->0°C  -  25,000  psi  pressing  load 

(Compressive  =  34,200  psi) 

A  second  series  of  experiments  using  WS^-Ga  as  a  substitute  for 
WSfep-Galn  was  performed  with  Ag  again  being  used  a*  the  filler.  The  results 
of  these  experiments  are  given  in  Table  VIII  and  again  demonstrate  that  a 
metal  filler  in  concentrations  of  at  least  30$  (wt.)  not  only  causes  a  sharp 
increase  in  mechanical  strength,  but  also  in  wear  rate.  The  tungsten  disulphide 
composites,  however,  retained  their  characteristically  low  friction  coefficients. 
Because  of  their  high  wear  characteristics,  filled  WS2  amalgams  cannot  yet  be 
considered  as  candidate  materials  for  functional  tests. 

5-  Differential  Thermal  Analyses 


In  an  attempt  to  more  clearly  understand  the  mechanism  involved 
in  the  amalgamation  of  a  solid  lubricant  with  galluim  or  one  of  its  alloys, 
a  series  of  differential  thermal  analyses  were  performed.  The  experiments 


(l) 

were  conducted  in  a  well  insulated  oven  in  which  the  temperature 
differential  between  a  "standard"  [cured  WSe^-Galn  (70-30)]  and  the 
test  specimen  and  (2)  oven  temperature  were  11  recorded  on  an  x-y  recorder. 

The  results  of  two  such  analyses  a^e  shown  ir  Fig.  4;  the  x-axis  recording 
oven  temper ature  and  the  y-axis  temperature  differential.  The  top  curve 
shows  the  temperature  differential  between  a  cured  and  uncured  WSe2~GaIn 
(70-30  wt.  $)  amalgam  as  a  function  of  oven  -temperature  over  a  55ri°C' range. 

The  lower  trace  illustrates  the  results  when  both  pellets  have  been  cureu 
prior  to  the  experiment.  It  is  clear  from  these  experiments  that  two  distinct, 
exothermic  reactions  occur  during  the  curing  i.ycle  of  composite  amalgams. 

The  first  is  initiated  when  a  temperature  of  l80»200°C  is  reached,  while  the 
second  occurs  between  420-450°C.  Three  important  points  have  thus  been 
brought  out  by  these  experiments.  First,  it  can  now  be  stated  that  the 
oxidation  resistance  imparted  to  various  solid  lubricants,  by  the  "amalgama¬ 
tion"  technique  is  quite  probably  due  to  a  chemical  interaction  between 
the  gallium  alloy  and  the  solid  lubricant;  rot  to  a  mere  physical  coating 
of  solid  lubricant  particles  with  an  oxidation  resistant  material.  Secondly, 
it  points  out  the  necessity  of  continuing  the  curing  cycle  for  these  com¬ 
posite  nnwlgama  to  at  least  500°C  in  order  to  bring  about  the  second  reaction. 
(Recent  work  indicates  that  the  piece  is  not  dimensionally  stable  until  it 
is  exposed  to  at  least  5G0°C)  Finally,  the  technique  has  become  a  useful 
tool  in  establishing  at  leant  the  optimum  temperatures  for  the  curing 
circle  of  future  experimental  compositions. 

III.  Test  Programs 

Construction  of  all  test  facilities  was  completed  during  the 
past  quarter.  A  total  of  twelve  stations  are  available  for  functionally 
evaluating  204  and  207  bearings  at  speeds  of  30,000,  20,000,  and  30,000  rpm. 
Four  stations  operate  ac  each'  speed  lc-'^l,  with  one  of  the  four  capable  of 
simulating  an  altitude  of  200,000  ft.  Figure  5  is  an  overall  view  of  the 
test  laboratory  with  one  vacuum  shroud  and  one  oven  installed  for  illustration 
purposes.  A3!  walls  are  insulated  with  Tectum  to  reduce  noise  level  to  a 
minimum.  Figures  6  and  7  are  close-up  views  of  the  20,000  and  30>00C  rpm 
spindles  respectively.  Spindle  bearings  and  drive  motors  are  water  cooled. 

The  10,000  and  20,000  rpm  spindles  are  identical  with  the  exception  of 
drive  motors. 

A  total  of  seven  tests  have  thus  far  been  run  on  the  3.0,000  rpm 
facilities  at  room  temperature  and  a  variety  of  thrust -radial  load  combinations 
One  20,000  rpm  test  has  been  initiated.  Before  installation  in  test  facilities 
the  bearings  are  prepared  in  tha  following  manner: 


1.  Cage  removal  and  initial  degreasing  in  trichlorethylene . 

2.  Rinse  in  fresh  trichlorethylene. 

3.  Final,  ultra-sonic  cleaning  in  ethyl  alcohol. 


4.  Component  weighing  to  +  0.0005  gm. 


5.  Composite  cage  Installation  and  storage  in  vacuum  dessicator 
until  test. 

Test  bearing  cages  are  machined  from  1  l/2'0.D.  x  3/4" I. D. 
rings  fabricated  from  the  WSe^/Galn  amalgam  in  a  carbide  lined  ring  die. 
Figure  8  is  a  composite  photograph  of  the  cured  ring,  the  machined  retainer, 
and  the  test  bearing  after  cage  installation.  The  cage  design  employed  in 
the  first  four  10,000  rpm  tests  is  shown  in  Fig.  9* 

(It  will  be  noted  that  this  is  an  outer  race  riding  cage.  It  is 
being  used  for  initial  tests  to  gain  experience  with  test  facility  performance 
and  evaluate  initial  cage  compositions.  Functional  testing  on  the  actual 
test  bearing  configuration  -  inner  race  riding  -  will  be  initiated  in  the 
next  quarter.  Bearing  delivery  dates  of  December  11  have  been  promised.) 

Due  to  the  outer  race  riding  cage  design  of  the  bearings  now 
being  used,  the  self- lubricating  composite  cage  could  not  be  reinforced 
with  a  stainless  shroud  over  its  entire  outer  surface.  Therefore,  a 
partial  shroud  was  employed  that  encompassed  only  that  portion  not  riding 
on  the  inner  diameter  of  the  outer  race.  The  results  of  che  first  four 
tests  are  given  in  Table  IX  and  are  summarized  briefly  below. 

Run  #1  -  A  total  life  of  22  hours  was  achieved  under  the  maximum 
radial  and  thrust  loads  called  for  by  the  program.  At  this  point,  fracture 
occurred  in  the  unshrouded  portion  of  the  cage  as  evidenced  by  a  sharp  rise 
in  running  temperature.  Catastrophic  failure  did  not  occur;  the  bearing 
continuing  to  operate  at  a  slightly  higher  temperature  until  manual  shutdown. 
During  this  final  portion  of  the  test,  however,  the  balls  in  the  areas  of 
cage  fracture  were  able  to  wear  against  one  another,  thus  causing  ball  wear 
as  noted. 


Run  #2  -  A  duplicate  of  run  #1  was  repeated  with  a  slightly 
modified  shroud  design  and  resulted  in  a  doubling  of  life.  The  same 
mechanism  of  failure-cage  fracture  in  unshrouded  portion  and  ball  wear 
before  manual-  shutdown- -occurred  in  this  case. 

Run '#3  -  Both  radial  and  thrust  load  were  reduced  by  50$.  The 
result  was  an  increase1  in  life  to  75  hours  before  cage  fracvore  in 
unshrouded  area.  This  test  is  significant  in  that  -  although  cage  fracture 
occurred  -  the  ball  pcekets  remained  intact  and  prevented  the  balls  from 
rubbing  against  one  another.  It  will  be  noted  that  no  measurable  bearing 
wear  occurred  in  this  test  during  a  total  running  time  of  98  hours.  This 
result  indicates  strongly  that  adequate  lubrication  is  being  furnished  by 
the  composite  amn.1  gam  and  bearing  failure  is  due  only  to  a  lack  of  mechanical 
strength  in  ths  cage,  particularly  in  tension. 


Run  #4  -  Under  a  10#  radial  load  and  a  50#  thrust  load,  a 
running  time  of  85  hours  was  achieved  before  cage  rupture.  A  failure 
mechanism  identical  to  runs  1  and  2  applied. 

In  view  of  the  fact  that  cage  fracture  consistently  occurred 
in  the  unshrouded  portion  of  the  cage,  it  was  decided  to  repeat  the  above 
tests  on  bearings  employing  an  inner  race  riding  cage.  In  this  way,  a 
full  shroud  could  be  employed.  Off  the  shelf  angular  contact  bearings  of 
ABEC-1  rating  were  used.  The  results  of  these  tests  are  given  in  Table  X. 

No  cage  failures  were  experienced  over  the  100  hour  test  period  under  all 
load  conditions  studied.  After  test  the  bearings  were  in  excellent  condition, 
as  shown  in  Fig.  10,  and  quite  probably  could  have  operated  over  a,  second 
100  hour  period.  The  21,000  rpm  test  (Run  #8)  operated  well  for  a  period 
of  5  hours  before  seizure  of  the  facility  bearings  occurred.  Tests  on 
this  bearing  will  be  continued  subsequent  to  a  successful  solution  to  the 
facility  bearing  problem. 

The  moderate  wear  encountered  in  the  balls  and  inne”*  race  of 
bearings  5  and  6  is  believed  caused  by  the  fact  that  the  bearings  are 
non-precision  and  do  not  conform  to  the  optimum  design  established  by  the 
bearing  analysis  (l). 

Conclusions: 

The  following  conclusions  can  be  drawn  from  data  resulting 
from  .  e  program  to  date: 

1.  The  75/25  (wt.  $)  Gain  alloy  in  concentrations  of  20  to 
30 %  (wt.),  provides  composite  amalgams  having  the  best 
combination  of  physical  and  chemical  properties. 

2.  The  WSe2  composite  amalgams,  when  formed  with  the  Gain 
alloy,  are  superior  to  all  others  tested  when  compared 
to  the  following  parameters: 

a.  room  temperature  and  600°F  friction-wear  characteristics 

b.  Mechanical  strength 

c .  Oxidation  resistance 

3.  Pre-curing  amalgamated  lubricant  in  the  powdered  form 
followed  by  additional  Gain  additions  and  subsequent  press¬ 
ing  provides  some  improvement  in  the  mechanical  properties 

of  WSg  amalgams.  The  degree  of  improvement,  is  not  sufficient, 
however,  to  warrant  additional  work  at  this  time. 

4.  A  90/10  (wt  .$)  GaSn  alloy  provides  WSe?  and  MoSe^  composite 
amalgams  having  oxidation  resistance  and  mechanical  strengths 
equivalent  to  the  Gain  counterparts. 

5.  The  use  of  silver  as  a  filler  in  composite  amalgams  results 
in  a  50?o  improvement  in  composite  mechanical  properties. 


Friction  coefficients  of  filled  composites  were  also  higher. 

6.  Differential  thermal  analyse  on  uncured  lubricant  amalgams 
strongly  indicate  that  two  distinct,  exothermic  reactions 
occur  during  the  curing  cycle  between  the  solid  lubricant 
and  gallium  alloys. 

7.  Seven  functional  tests  at  10,000  rpm  on  ball  bearings 
equipped  with  self-lubricating  composite  amalgam  cages 

have  been  performed.  The  results  demonstrate  the  feasibility 
of  operating  this  bearing  system  for  a  period  of  at  least  100 
hours  under  a  load  condition  of  IOC#  thrust  -  IOC #  radial. 

Future  Work 

During  the  next  quarter,  studies  on  the  use  of  metal  fillers  in 
the  composite  amalgams  will  be  continued.  Metals  under  consideration  at 
this  time  are  silver,  copper,  and  their  alloys. 

In  addition,  attempts  t-c  utilise  tungsten  disulphide  amalgams  will 
continue  because  of  their  desirable  friction  and  wear  characteristics. 

Finally,  the  test  program  will,  be  accelerated.  Tests  at  350 
and  600°F  wjll  be  initiated  using  a  modified  cage  design  for  the  Barden 
M-50  bearing.  Evaluation  of  various  facility  bearing  designs  and  lubricants 
will  continue  in  order  to  get  the  20,000  and  30,000  rpm  spindles  operational. 
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TABLE  I  -  Effect  of  Amalgamator  Type  on 
Physical  Properties  of  Solid  Lubricant  Amalgams 
Composition  (vt  j)  'JOj  lubricant  -  30$  Alloy,,,, 
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Versus  M-50  tool  steel  (58-60  R  )  &  '[0  PPM 
Specimens  pressed  9  25  TS*i  -  Room  Temperature 

Cured  9  220C  -  15  hours;  350C  -  8  hours 
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No  Change 

Pellet  bled  slightly  during  exposure  indicating  incomplete  amalgamation. 


TABLE  III 


Physical  Properties  of  Composite  Amalgam 
Used  in  Initial  Functional  Tests 


Composite - Tungsten  Diselenide/ Gallium-  Indium  Amalgam 

Fabrication - - --Room  Temperature  -  50,000  psi  -  double  action  die 

Curing - 15  hrs.“  200"C 

(Air  Atmosphere) - 8  hrs 350®C 

. 8  hrs,-  500°C 

Friction  Coefficient 

(80°F  70  fpa)  500  psi - 0.o8 

(80°F  70  fpm)  1000  psi . 0.07 

(600°F  140  fpm)  500  psi - 0.06 

Wear  Rate  -  go. /hr. 

(80°F  70  fpm)  500  psi  - 0.002 

(80°F  70  fpm)  1000  psi . 0.004 

(600°F  140  fpm)  500  psi - 0.012 

Tensile  Strength  -  nsi  — - -  2,300 

Shear  Strength  =  psi  - - -  2,600 

Compressive  Strength  -  psi - 25,500 

Coef .  Thermal  Expansion  - - — 5  x  10  ^ 

(in. /inch  °F) 


Shore  Hardness 


*S-57 


TABLE  IV 

Effect  of  Pre- Curing  Amalgamated  Powder 
on 

Physical  Properties  of  Solid  Lubricant  Amalgams 


Pellet  Identification 
and  Composition 

Friction  Coefficient 
500  psi  1000  psi 

Wear  - 
500  psi 

gms ./hr. 

1000  psi 

Compressive 

Strength 

WSe2-GaIn{80/20) 

.18 

.22 

.008 

.004 

18.600 

Wse2-  G&In( 80/20  )+2#GaIn 

.15 

.20 

.004 

.006 

13,500 

VSe2~  GaIn(80/20)+5^£3aIn 

•  13  ' 

.08 

.002 

.003 

25,000 

WSe2- GaIn(80/20 )+I0#GaIn 

.07 

.05 

.002 

.008 

11,150 

ws2-ga{ 80/20) 

.12 

.12 

.002 

.004 

13,950 

WS2-Ga  (80/20  )+5^Ga 

.10 

.10 

.002 

.002 

15,250 

WS  -  Ga(30/'20)+lQ?2a 

•  07 

.11 

.002 

.002 

13,950 

All  pellets  pressed  @  50,000  psi  -  R.  T-  &  SbL.  Action 

then  cured  --  15  hours  @  200°C,  8  hours  @  350#C,  8  hours  @  500°C. 


m  ATST  TD  tr 
•brWJJCi  v 


Composition 

vt.% 

90  WSe^- 10  GaSn 
60  WSe2-20  GaSn 
70  WSe2-30  GaSn 

90  WS2-10  GaSn 
80  WS2-20  GaSn 
70  WS2-30  GaSn 

90  MoSe2-10  GaSn 
80  MoSe2-2Q  GaSN 
70  MoS&2-30  GaSn 


Effect  of  Gallium- yin*  Concentration 


on 


Physical  Properties  of 

Lubricant 

Amalgams 

Friction  Coefficient 

Wear  - 

gra./hr. 

500  psi 

10C0  psi 

500  psi 

1000  t-x 

0.16 

0.12 

0.01 

0.006 

0.14 

0.14 

0.001 

0.002 

o.ll 

0.07 

0.008 

O.OCo 

0.12 

0.09 

0.02 

0.02 

0.18 

0.15 

0.002 

0 .002 

0.08 

0.08 

0.004 

0.004 

0.27 

0.18 

0.02 

0.02 

0.20 

O.17 

0.002 

0.004 

0.18 

O.17 

0.002 

0.008 

Compressive 
Strength 
. . Psi 

15.700 

24.700 

16.950 

10.500 
6,850 
9;  500 

12.950 
28,150 

6,650 


*  -  9 0#  Gallium  (wt  .#) 
IO56  Tin 


* 


TABLE  VI 

Effect  of  GaSn*  Concentration 
on 

Oxidation  Resistance  of  Lubricant  Amalgams 


Wt. 

Loss  (res. 

x  10" 3)  After  l/2  Hour  @  Temperature 

°F 

Composition 

wt.# 

300 

400 

500 

6oo 

700 

800 

900 

90  WSe2-10  GaSn 

N.C. 

1 

7 

1 

1 

-  4 

N.C. 

80  WSe2-20  GaSn 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

70  WSe2-30  GaSn 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

-  2 

90  WS2-10  GaSn 

-4 

3 

-5 

-2 

-2 

10 

3 

80  WSp-20  GaSn 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

70  WS2-30  GaSn 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

90  MoSe2-10  GaSn 

-4 

N.C. 

2 

-2 

-7 

-22 

-18 

80  MoSe2-20  GaSn 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

N.C. 

70  MoSep-30  GaSn 

-1 

N.C. 

N.C. 

N.C. 

-1 

N.C- 

-  2 

*  -  90*  Gallium  (tft.#) 
10#  Tin 
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TABLE  VII 


Physical  Properties  of  Silver- Filled  Wse2  Amalgam 
70#(vt. )  WSe2/(JaIn  -  3056  Ag 


Compressive 


Pressing 

Conditions 

Friction 

Coefficient 

Wear  - 

gm./hr. 

Strength 

Temp.- °C 

Pressure- psi* 

500  psi 

1000  psi 

500  psi 

1000  psi 

psi 

25 

25,000 

0.21 

0.16 

0.016 

0.014 

Broke  in  holder 

50,000 

0.15 

0.15 

0.004 

0.002 

31,600 

75,000 

0.15 

'  12 

0.004 

0.004 

36,800 

100,000 

0.12 

v.lb 

0.004 

0.002 

28,100 

150 

25,000 

0.17 

0.12 

0.004 

0.002 

34,400 

50,000 

0.21 

0.15 

0.08 

0.03 

37,200 

75,000 

0.11 

0.17 

0.08 

0.04 

32,500 

100,000 

0.18 

0.19 

0.02 

0.07 

28,500 

250 

25,000 

0.23 

0.15 

0.04 

0.1 

47,700 

50,000 

0.17 

0.13 

O.07 

0.1 

51,200 

75,000 

0.09 

0.13 

0.09 

0.1 

38,000 

100,000 

0.13 

0.18 

0.10 

0.1 

^9,300 

Five- Minute  Hold  @  Temperature  &  Pressure 


! 


250 

25,000 

0.15 

0.12 

0.03 

24,600 

50,000 

0.10 

0.12 

0.03 

0.05 

23,900 

75,000 

0.14 

0.15 

0.03 

— 

26,700 

100,000 

0.13 

0.13 

0.006 

0.004 

22,250 

*  -  15  second,  hold  unless  otherwise  specified. 
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TABIE  VIII 


Physical  Properties  of  Silver- Filled  WSg  Amalgams 
_ 7<#(wt.)  WSo/Ga.  -  30^  Ag _ 


l  M 


Pressing  Conditions 
Tenp,-“C  Pressure- psi* 

Friction  Coefficient 
500  psi  1000  psi 

Wear  - 
500  psi 

gm./hr. 

1000  psi 

Compressive 

Strength 

Psi 

25 

25,000 

0.06 

0.11 

21,100 

50,000 

— 

0.05 

o  .06 

23,550 

75,000 

— 

0.06 

— 

0.04 

18,100 

100,000 

... 

0.07 

0.04 

29,800 

150 

25,000 

0.07 

0.05 

0.022 

0.022 

15,200 

50,000 

0.06 

0.05 

0.01 

0.016 

29,400 

75,000 

0.C7 

0.04 

0.014 

0.016 

22,700 

100,000 

0.05 

0.04 

0.018 

0.018 

29,300 

250 

25,000 

0.06 

0.012 

15,250 

50,000 

0.09 

0.08 

0.002 

0.01 

15,450 

75,000 

0.08 

0.07 

0.004 

0.01 

12,050 

100,000 

0.07 

0.15 

0.002 

O.OOi 

18,400 

*  -  15- second  hold 
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Ffcoee  !:  75  to 

A.  Mil* ml  OptimlMUon 

1.  Determine  optimum  fabrication  conditions 

2.  Mmsutc  effect  of  agaUmnator  ojaceatration 

3.  Kionrt  etlect  of  armlpmetor  type 

4.  Hodlly  composite  to  extend  bttrUf  life 

5.  ZnlaM  Ph am  1  optimums  |900*F) 

B.  Bearin*  Fabrication  and  Functional  Testittjr 

6.  Build  aad  left  204  ijrfttom  to  600*F 

7.  Build  tod  test  207  system  to  400*F 
S.  Extend  life  to  200  hr  tt  803T 

Fmmn:  n  tW.T 

A.  KhatiaI  OpUmiiMioe 

>.  Dawrmln  opttaram  (AbrloAtioo  aM  ra«tl  bUadATA 

•0.  Sfeanr.  eBtct  oi  ratal  biAdert 

It.  MalU]' cotafxxtw  b  stand  ll!'sf 

B.  Enrtac  rtbrletdoa  an  FmcHomI  TaaUa* 

12.  Crc^naa  S%aaa  1  badrlas  ayvtna  AX  *00*T 

13.  ?*3t  204  AC*  237  l)m«l  AS  *40*7 

14.  EMAAd  III.  to  200  hr  it  *00*7* 

aMtJSbJBJLUgx. 

A.  MaMaI  O»eajaatl0A 

15.  EnlasSe  Shu*  n  optlir 'Cna  at  1200*7 
1C,  r-mha  latrleaata  that  aaidixl  to  voiatila  nrxna'Mill 
17.  Mallfr  cGanpaalta  As  «tand  Ilia* 

10.  Eactatt  Than  ID  osttlraUBS  At  ISM *7 

B.  Baarta*  TAbrfaaUaa  nd  FmcdaAAl  TasUa^ 

IS.  Eralsitt  PBaaa  n  ATAUn  At  1200*7 
2).  TaM  204  iratEia  At  1300*7 

21.  Ta«  207  AjASAin  At  1200*7 

22.  Exmd  UJe  to  2W  hr  at  1»CTT 

VjSstS.  :  Tftot  mrr 

K.  Utter*!  O0*mtttUtM 

23.  lacrs—  ptrfnr—f  cf  aside  s«dpnss 
34.  Tei^lre  perlonweoee  of  Ilnortde  t— >1— 

23.  flu  w  effect  of  util  or  eoild  Mrtaen  filler* 
m  o*14»  or  flaartds  naelpw 

3k.  Mcdlfy  coopoelt*  to  exfead  life* 

1.  Bexrtt^*  Fabrioetioe  :uJ  Functional  Teetto* 

27.  Era!*'*  m  beemf  «y»*r*  si  ISN'T 
2$.  Teet  3&'  and  30"  systems  at  1S00T 

29.  Extend  ltfe  to  2>0  hr  at  lvWT1 
Bran  to  be  Del  leered 

30.  Mxxlt  MUr  fU*m  Turrets!  j  2 

31.  Mpftlt  o»*3sly  tecKtot?  report  |  x 

32.  Sdoit  procree*  report 

33.  jvyyerck  esmeies 


3-s.  ffielt  Peel  report 


! 

! 

i 


L  =  Length  o?  Slug  Supplied  ( Approx.  1. 25  to  1. 50  inch) 
D  =  Diameter  of  Slug  Supplied  {Approx.  0.50  inch) 

Fig.  2— Special  tensile  specimens 


Fig,  3*~Top“M"5U  tool  steel  disc  with  portion  of  lubricant  fiim  removed  3X 
Middle-  Macro  Photograph  of  film  -  50X 
Bottom-  Macro  photograph  of  surface  after  film  removal  with  40 
polishing  paper  -  50 X 
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FIGURE  8 


Center 

Right 


Cured  WSe^  -  Gain  Blank  Prior  to  Machining 
Machined  Retainer  of  Tungsten  Diseienide  Amalgam 


204  M50  Ball  Bearing  Equipped  with  WSe^  -  Gain  Retainer 
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Stainless  Steel 
Shroud  Shrunk 
onto  Piece  with 
2  mil  Interference 
Fit 
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Composite  Supplied 
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Note;  All  drilling  to  bo  pemmeo  using  back-up 
rig.  9 ”204  Retainer  -  outer  land  riding  for  Barden  M-50  brg  IM204B  J  HX 2 
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